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TEM: an in t roduct ion  
I As one of very few techniques offering atomic resolution, Transmission Electron Microscopy is widely used for 
the study of semiconductor devices. This article introduces the fundamentals of TEM and the information 
that can be gained to the non-microscopist rather than the experienced user. A second article - concentrating 
on high-resolution electron microscopy, scanning transmission electron microscopy and chemical analysis in 
the TEM - will follow in a later issue. 
T 
ransmission electron micro- 
scopy (TEM) can provide 
information about the mcro- 
structure, crystal quality and defect 
concentrations (with limitations) 
in a device or layer. Crystal symme- 
try and lattice parameter data can 
be obtained from diffraction pat- 
terns, and the composit ion of the 
specimen can be obtained from 
techniques uch as energy disper- 
sive X-ray analysis, Auger spec- 
troscopy and Electron Energy Loss 
Spectroscopy (EELS). 
In multilayer specimens, TEM 
can provide information about the 
thickness of each layer, its compo- 
sition and the quality of the inter- 
face between the layers, as well as 
revealing extended efects uch as 
dislocations and stacking faults. 
However, a high level of opera- 
tor skill is required both to obtain 
and to interpret images. Also, infor- 
mation is obtained only from a 
small area, which may not be rep- 
resentative. Therefore other tech- 
niques such as XRD are often used 
to complement TEM. 
Design and operation 
A beam of electrons (typically 100- 
1000 keV in energy) is generated in 
an electron gun (see II1-V Review 
July 2000, p40) and directed down 
an evacuated column through a 
series of electromagnetic lenses 
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Figure 1. Ray diagram for a TEM operated for (a) imaging and (b) selected area diffraction. 
(From 'Transmission Electron Microscopy of Materials" by G Thomas and M J Goringe) 
located above and below the speci- 
men. The specimen itself is insert- 
ed through an airlock. 
The transmitted electrons 
which may be unscattered ( irect), 
elastically scattered (diffracted) or 
inelastically scattered - are used to 
form an image, which is viewed by 
various techniques. These may in- 
clude phosphor  screens, photo- 
graphic plates or CCTV cameras. 
The optics of the TEM are such 
that the full thickness of the speci- 
men is simultaneously in focus, and 
the image does not need refocusing 
when switching between image 
collection systems. Schematic ray 
diagrams howing the optic path in 
a TEM for the formation of an im- 
age and a diffraction pattern are 
shown in Figure 1.The spatial reso- 
lution that can be achieved in mod- 
ernTEMs is of the order of 0.2 nm. 
Specimen preparation 
Since TEM uses the transmitted 
port ion of the electron beam to 
gather information about the mate- 
rial under investigation, the speci- 
men (or foil) has to be very thin 
(typically 100 nm or less). 
A very fast technique to pre- 
pare GaAs-based samples is the 90 ° 
cleaved wedge technique, whereby 
cleaved pieces of GaAs with 90 ° 
corners are directly viewed in the 
TEM using a tilt angle of 45 °. The 
transparent area is immediately ad- 
jacent to - and along - the entire 
length of the edge. 
In another approach, speci- 
mens are cut or cleaved from the 
relevant portion of the sample, 
mechanically ground, polished and 
milled by an ion beam (usually Ar 
ions) tmtil they are transparent to 
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electrons in the area of interest. The 
use of a tripod pol ishe~ in this 
process gives greater accuracy in 
sectioning the volume of interest. 
For foils from specific regions of 
more complex structures, focused 
ion beam (FIB) specimen prepara- 
tion is now available. In this tech- 
nique a focused beam of Ga ions is 
directed at the sample. At low beam 
current, the beam can be used for 
imaging and at higher current the 
beam can be used to cut out TEM 
foils from specific areas in the de- 
vice. A layer of amorphous material 
about 28 nm thick is created on 
each side of the cut and this must 
be removed before TEM investiga- 
tion by ion beam polishing. This 
technique is particularly powerful 
in device failure investigation and 
the reverse ngineering of devices. 
Electron diffraction 
mode in the TEM 
When an electron beam encoun- 
ters a crystalline structure, diffrac- 
tion will occur. The conditions for 
diffraction are given by the Bragg 
equation: 
n~L=2d sin0 (1) 
where ~, is the electron wave- 
length, d is the spacing of the dif- 
fracting planes, and 0 is the angle 
between the planes and the elec- 
tron beam. Figure 2 illustrates the 
derivation of this equation. 
1. Selected area diffraction pat- 
terns (SADPs) provide information 
about the crystal structure and are 
obtained using a parallel beam of 
electrons and defining the area 
of interest with an aperture - see 
Figure l(b). 
Crystalline specimens produce 
diffracted beams in addition to the 
transmitted beam, which appear as 
spots in the SADP - see Figure 3(a). 
Superlattice or ordering effects 
can be seen directly as extra (faint) 
reflections in the pattern. Polycry- 
stalline materials produce sharp 
ring patterns which reveal any pre- 
ferred orientations (if present), and 
amorphous specimens produce 
diffuse ring patterns. 
Ineid*nt beam in Figure 3(b)) are not equivalent, 
enabling the (110) and ( l iO) 
planes to be distinguished in the 
electron micrographs. 
St..linen 
Imaging mode in 
the TEM 
There are three main contrast 
mechanisms contributing to the 
formation of TEM images: absorp- 
• ~ tion, diffraction and phase con- 
Trammitted waves 
Figure 2. Bragg's law of diffraction. The 
path difference between waves I-1'and 
2-2' is 2dsine. Constructive interference 
(and therefore diffraction of the beam) will 
occur  when 2dsinO = n,L For fast electrons 
and close-packed crystals (i.e. most TEM 
conditions), 8 N 1 °. The normal to the dif- 
fracting planes, g, is also indicated. 
2. Convergent beam electron 
diffraction patterns (CBEDs) are 
formed by focusing the electron 
beam into a fine probe as it strikes 
the specimen. 
The pattern is more complex 
than SADP and contains informa- 
tion regarding the whole 3D sym- 
metry of the crystal. Its uses 
include the identification of sec- 
ond phases (e.g. at metal-semicon- 
ductor junctions) and analysis of 
local strain fields in heterostruc- 
tures and superlattices. 
In the latter application, allow- 
ance must be made for strain 
relaxation in thin samples. Figure 
3(19) shows a CBED of a sample of 
{110} GaAs. The polar nature of 
GaAs means that the two-fold rota- 
tional symmetry along <110> is 
broken. Therefore the patterns 
within the {002} discs (directly 
above and below the central disc 
trast (which is used to form lattice 
- or high resolution - images and 
will be discussed in Part 2.) 
1. Absorption contrast (also 
known as mass-thickness contrast) 
occurs when the specimen con- 
tains variations in thickness or 
atomic mass. 
This contrast is always present 
in the image, even when another 
contrast mechanism provides most 
of the information. Absorp-tion 
contrast is becoming more impor- 
tant in the electron microscopy of 
semiconductor devices as the com- 
plexity of the structures (which 
can include metallisation and insu- 
lating layers as well as semiconduc- 
tor materials) increases. 
2. Diffraction contrast (also 
called amplitude contrast) is ob- 
tained using only one beam to 
form the image. 
The foil is tilted until only one 
set of planes is strongly diffracting 
(so there are two strong spots in 
the SADP - the direct beam and the 
diffracted beam - the "two beam" 
condition). 
The incident electron beam is 
tilted so that the imaging beam (di- 
rect or diffracted) lies along the 
optic axis of the TEM and a small 
Figure 3. Diffraction patterns of {110} GaAs. (a) selected area and (b) convergent beam. 
(Courtesy of A Wright) 
IIl-Vs Review = Vo1.13 No. 6 2000 
38 
Analysis 
aperture is inserted in the back fo- 
cal plane of  the objective lens, so 
the image is formed only from that 
beam - see Figure 1 (a). 
If the direct beam is chosen a 
bright field image is formed, in 
which regions of the specimen at 
the Bragg condit ion - where the 
electron beam is strongly diffract- 
ed (causing the direct beam to lose 
intensity) - appear dark. 
If the image is formed using the 
diffracted beam (dark field) then 
the areas which are at the Bragg 
condit ion appear bright, and the 
rest of the specimen is dark. 
Improved resolution in dark-field 
images can be achieved by select- 
ing a two-beam condition in which 
the diffracted beam is only weakly 
excited ("weak-beam imaging"). 
a. Thickness effects 
As a result of diffraction, electron 
Bloch waves (plane waves) propa- 
gate through the crystal, whose in- 
tensity varies periodically with the 
thickness of the specimen. 
Interference of the Bloch waves 
causes thickness fringes, represent- 
ing regions of constant hickness. 
Figure 4 is an electron micrograph 
of a 90 ° wedge AIGaAs/GaAs multi- 
layer sample demonstrating that 
the position of the fringes depends 
Figure 4. A bright-field TEM image of a 90 ° wedge specimen of GaAs/AIGaAs multilayers. 
The layers are perpendicular to the sample surface and 10 nm wide (nine AIGaAs layers are 
visible). Thickness fringes are clearly seen. The position of the fringes depends on the 
composition as weft as the thickness. (Courtesy of A Wright) 
on the composit ion as well as the 
foil thickness. 
b. Bending eaects 
TEM foils are thin and often slight- 
ly bent. This tilts the crystal planes 
either into or out of the Bragg con- 
dition, so "bend contours" are of- 
ten present in TEM images. 
c. Strain contrast from defects 
Dislocations, stacking faults, twins 
and precipitates can be imaged by 
diffraction contrast if their pres- 
ence elastically strains the crys- 
talline lattice. 
This is because the diffracting 
planes are bent into or out of the 
Bragg condition by the local strain 
field. It follows that, if the diffract- 
ing planes are not distorted, then 
the fault is "invisible" in the image. 
Theory predicts that a dislocation 
will be "invisible" ff g.b = 0,where g 
is the normal to the set of planes 
giving rise to the diffracted beam 
(see Figure 2) and b is the Burgers 
vector of the dislocation. 
Figure 5(a-c) shows a series of 
bright-fieldTEM micrographs from a 
Figure 5. Plan view bright field TEM images of misfit dislocations in heat-treated GaAs/Ino.15Gao.soAs/GaAs, howing that dislocations become 
invisible in the TEM under certain imaging conditions. (a) g=[220], (b) g=[040] and (c) g=[400]. (Courtesy of X W Liu and A A Hopgood) 
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GaAs/In0.15Ga0.85As/GaAs hetero- 
structure (the InGaAs layer is 25 nm 
thick) after thermal processing at 
1040 K. 
In Figure 5(a), formed with 
g=[220], all the dislocations are visi- 
ble as dark lines, whereas in Figure 
5(b), when g=[040] is used to form 
the image, the dislocations lying in 
the [010] direction are invisible. 
This proves that these dislocations 
are purely edge in character, since 
their Burgers vector is perpendicu- 
lar to the dislocation line. Similarly, 
the dislocations lying in the [100] 
direction are also edge type, be- 
cause they are invisible when 
viewed using g=[400], as shown in 
Figure 5(c). 
TEM is not able to image point 
defects directly, but their effects on 
dislocations (e.g. dislocation climb, 
enhancement of kink mobilities, or 
the condensation of point defects 
and impurities into dislocation 
loops or precipitates) are directly 
observable. Video cameras and spe- 
cial specimen holders enable the 
behaviour of dislocations as func- 
tions of time, temperature or strain 
to be observed in situ, although the 
influence of the two free specimen 
surfaces must be taken into account 
during interpretation of data from 
such experiments. 
In conclusion 
TEM enables the structures of mate- 
rials to be examined with resolu- 
tions reaching atomic scale, 
providing information about crystal 
defects uch as dislocations, tack- 
ing faults, precipitates and inter- 
faces. It is a major tool in device 
failure analysis as well as in ftmda- 
mental investigations. 
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t A mechanical polishing kit, 
offering improved control in se- 
lecting the region of the sample 
which is prepared for TEM. (See 
e.g. www. emsdiasum.com/ems/ 
materials/instrument.htm) 
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